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Abstract

The thermal expansion behaviour of a high pressure-derived spinel sialon (y-Si;_,Al,O,N4_,) with a single composition x = 1.1 (and its low-
pressure pendant with (3-Si3Ny structure) was studied between room temperature and 1220 °C, using X-ray diffraction at a synchrotron radiation
source and a halogen mirror furnace. No evidence for a phase transformation or decomposition of the spinel-sialon was found, thus demonstrating

a good metastability of this novel hard material.
© 2006 Elsevier Ltd. All rights reserved.

Keywords: Thermal expansion; Sialon; Spinel-sialon; Si3Ng

1. Introduction

After the discovery of the high pressure phase of Si3sNy4 with
spinel structure (y-SizNy) in 1999 by Zerr et al.,! it was shown
that a solid solution series of spinel-sialon (y-Si3_yAl,OxNa—_y),
in analogy to the well-known phase relationship 3-Si3Ny - - - B-
Siz_ AL O Ny_, 4 (beta-sialons)3’4 exists. The stability field of
B-sialon is known to be 0 < x < 2.1 for Siz_Al,ON4_,.>”/
In this system the Si-atoms are substituted by Al-atoms and
N- by O-atoms, respectively. Extensive studies of the system
(M)—Si—Al-O—N (or a-sialons with (M) being a metal cation
such as Li, Ca, Y and many of the rare earth ions) and the
more fundamental system Si—Al-O—N (e.g. B-sialons) as well
as other sialons have already been performed since the 1970s by
Jack et al.®? and numerous reviews are available on the subject
10.2.11.12 'No corresponding measurements of the material prop-
erties of spinel-Si3_;Al,ONy_, (with 0 < x < 2.1) have been
reported yet. The reasons are the novelty of the material as well as
its extreme synthesis conditions. Most of the available literature
on this material is of theoretical nature. These reports predict a
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large direct bandgap, which is proposed to be adjustable with the
degree of substitution x.'3-! Furthermore, the high postulated
hardness of y-Si3Ny just as well as y-Siz_, Al OxNg_y 13.14 hag
been experimentally proven. '9-184 Their hardness values mea-
sured so far (35 GPa for y-Si3Ny4 %16 and 28 GPa HV for -
Sio AION3 %) qualify these materials as good candidates for cut-
ting or abrasive applications. The thermal stability for y-SizNy to
1400 °C in air has been demonstrated, '®!'? thus emphasizing its
potential application as high temperature material under oxidis-
ing conditions. Precise knowledge about the thermomechanical
properties is fundamental for this material class. y-SizN4 shows
a linear thermal expansion coefficient of & = 3—4 x 1070 K~!
at room temperature which increases above ~ 6 x 1070 K~! at
1000 °C, 72 thus being two to three times larger than that of
B-SizNy (o &~ 1-3 x 1070 K~1),2! but comparable to the III-V
nitrides such as GaN?2 or hard nitrides like TiN and ZrN. For
“doped” v-Si3Ny, respectively, y-Siz_,Al,O,N4_y, the thermal
expansion coefficients have not been reported yet in literature.

2. Sample preparation

The synthesis of the B-sialon has been described in our pre-
vious report.* The degree of substitution x in the B-sialon was
checked by the known dependence of unit cell parameters, ’ elec-
tron probe microanalysis (EPMA, Si:Al-ratio) and combustion
elemental analysis (O and N content). According to these mea-
surements, x lies between 1.07 and 1.12 as an upper and lower
bound.>* The grain sizes of the starting B-sialon sample ranged
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Fig. 1. Schematic picture of the assembly. The parts of the assembly from left to right: rotatable sample holder, goniometer head, corundum capillary, zirconia (high

temperature) glue, Pt paste and gamma-sialon.

between 0.9 and 2.5 wm as determined by SEM. In our pre-
vious study it has also been shown, that the transition to the
high pressure phase does not affect the composition (i.e. de-
gree of substitution x) of the material. The recovered sample
after the high temperature/high pressure (HT/HP)-synthesis is
a polycrystalline solid. Grinding of the obtained material to a
powder is not recommended, as other measurements (indenta-
tion hardness testing, SEM, TEM, etc.) can better be done on a
solid body sample than in powder form.

For the measurements of 3-sialon, thin, free standing bars
~0.2 mm thick and 5 mm in length were cut from the hot-pressed
polycrystalline body using a diamond wire saw.

The recovered high-pressure spinel-sialon sample is an
opaque polycrystalline solid with grain sizes < 1 wm. Simi-
lar to the (3-sialon it was cut into a bar-shaped body directly
out of the surrounding ceramic high pressure cell. Adhering re-
mains of the encapsulation materials (i.e. MgO, LaCrO3) and
their reaction products with the spinel-sialon were removed via
successive embedding and grinding steps.

The sample itself was glued on a corundum capillary (see
Fig. 1), using a high temperature glue (904 zirconia ultrahigh-
temp adhesive, Cotronics Corp., Brooklyn, NY, USA). The
X-ray beam was incident perpendicular to the axis of the
capillary/sample and collimated to a broad cross-section of
~2 mm X2 mm, thus covering the sialon-bar and the Pt-coated
part of the corundum capillary with the ZrO,-glue. In some of
the consecutive measurements, the sample was aligned so that
the beam did not hit the AlO3 capillary (see Section 5).

In order to provide a temperature standard, the corundum
capillary was treated with a Pt-paste (Pt-paste; Chempur® plat-
inum conducting paste 71% Pt) on its outer edge. Direct contact
between sample and Pt-paste was to be avoided, as in previous
HP/HT synthesis experiments, formation of Pt—silicides at the
interface between sialon and the Pt metal, used for sample encap-
sulation had been observed. Pt is commonly used as temperature
standard in (high temperature) diffraction, because it gives sharp
reflections up to its melting point (7, ~ 1770 °C) and is not af-
fected by oxidising environments. The dependency between its
lattice parameter and T is well described in literature.>*> The
residues of the solvent of the Pt-paste were eliminated by heating
the sample in the furnace above 1000 °C before measuring.

(b)

Fig. 2. (a) A schematic drawing of the furnace: (1) (rotatable) sample holder, (2)
halogen lamp, (3) (water-cooled) furnace hull, (4) guide rail to move the furnace
into and out of the beam, and (5) exit slit. (b) Photography of the furnace.

3. Temperature measurement

The halogen mirror furnace?® operates under normal atmo-
spheric (i.e. oxidising) conditions. The measurement assembly
is shown in Figs. 1 and 2. Four halogen lamps, with a DC power
supply and a maximum power output of 4 x 150 W, are focussed
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in a single spot—the hot spot of the furnace (~ 0.5 mm?). Power
control was accomplished by a type B thermocouple located op-
posite to the sample and being connected to a feedback loop
system (Eurotherm® 2404). The capillary with the sample was
fixed on a goniometer head in order to improve counting statis-
tics during the measurement via sample rotation.

The thermocouple (TC) was placed at a distance of ~2-3 mm
from the sample, that itself was centered in the hot spot, in or-
der to prevent (i) mechanical damage, (ii) chemical reactions
and (iii) further reflections in the XRD pattern that may have
overlapped with those of the sialon.

In order to account for the thermal asymmetry between the
locus of the sample and the TC, and to avoid a temperature
overshoot, which eventually might have led to decomposition
of the high pressure y-sialon sample, the more readily available
[B-sialon bars with the same composition (i.e. with x = 1.1) and
approximate dimensions as the y-sialon were measured first.
With the synchrotron beam hitting both, the sample and the Pt-
coated alumina (along with the zirconia high temperature glue),
this provided a power calibration for the later measurements. The
heating device was set to a distinct temperature reading of the
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Fig. 3. Lattice parameter a of Pt (internal temperature standard) (a) and <y-
sialon (b) vs. temperature; the according fitting curve of the obtained data is also
displayed.

TC. When it was equilibrated, both power and heating current
were recorded. After the evaluation of the diffraction pattern,
the lattice parameters of Pt were used to determine the real sam-
ple temperature. In that manner, a rough correlation between
the temperature in the hot spot and the total heating power was
established. As a result, the temperature reading from the TC
showed much lower values for the temperatures than the ones
obtained from the lattice parameters of Pt. In the high temper-
ature regime of the measurement the maximum difference was
450 °C, which is not surprising as the hot spot is very small and
thermal radiation decays rapidly with distance.

For a simple metal with a fcc structure like Pt and with the
help of the Rietveld method, it is sufficient to use a couple of
reflections to determine lattice parameter very accurately. In this
case, the first five reflections of Pt were used to determine its lat-
tice parameters as a function of 7. The error bars in Fig. 3(a) and
(b) as well as the values given in parentheses in Tables 1 and 2
represent the statistical standard deviations (“correlated residu-
als”),%’ as obtained from the structure refinements. The obtained
lattice parameters for Pt are adequately precise for the determi-
nation of the temperature, whereas the polynomials describing
this dependency (see Egs. (2)—(4)) exhibit an uncertainty on the
temperature. On that behalf the temperatures that were obtained
in this manner, were rounded off in 5 °C steps.

4. Data acquisition

Diffraction data were collected at beamline B2 at HASY-
LAB/DESY (Hamburg Synchrotronstrahlungslabor/Deutsches
Elektronen Synchrotron).?® A full pattern and selected regions
were measured with a single scintillation counter using parallel
foils (“soller slits”) as optical element in front of the detector
to define the resolution. The setup was optimized for maximum
intensity along with sufficient resolution and short acquisition
time. The instrumental resolution with this setup was ~0.1° (26).

The full pattern was recorded at room temperature. Because
the angular detection range is limited by the opening angle of
the exit slit of the furnace (~38° (20), relative to the primary
beam), a wavelength of A = 0.695217 A was selected, resulting
in a measurement range of 8-37.3 © (20) which covered the first
16 reflections of the spinel-sialon.

After analysing the full pattern (see Fig. 4), it was decided
not to measure the whole range, but to leave out certain angular
ranges where no reflections occur. To save measuring time at el-
evated temperatures, only selected ranges were measured.® The
acquisition time for the selected ranges at each temperature (tem-
perature sequence: 430°C, 715°C, 995°C, 1120°C, 1180°C,
1220°C, 1015°C, 825°C and 540°Cf) was 90-120 min, de-
pending on the actual synchrotron beam current. Before data
acquisition the sample was given about 15 min to reach thermal
equilibrium.

¢ The selected angular ranges were: 8-9°, 11-23.25° and 25-37.3° (20).

f The temperatures that are given here are already the temperatures accord-
ing to the refined unit cell parameter of the internal temperature standard (Pt)
according to.?’
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Spinel-sialon (z=1.1) at room temperature, B2
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Fig. 4. Full pattern at room temperature; the phases are from top to bot-
tom: y-Si3_y Al O N4_y (with x = 1.1), Pt (internal temperature standard), o-
corundum capillary (sample holder), tetragonal ZrO, (high temperature glue).
The arrows point to some not indexed reflections; most of them could be assigned
to monoclinic ZrO,, which originates from the high temperature glue. Because
of the low phase content, the monoclinic phase was not taken into account until
its phase content grew considerably. Obviously some of the tetragonal ZrO,
transformed into monoclinic ZrO; (or the latter experienced grain growth) after
being heated for several hours. However, growing amount of the monoclinic
ZrO; could not be detected until heating above 1200 °C and then slowly cool-
ing down. As the temperature dropped to 825 °C, the conversion tetragonal =
monoclinic can clearly be observed, therefore the monoclinic phase could not
be neglected anymore. Therefore, it was also taken into account for the last two
collected patterns (~825 °C and ~540 °C). The difference plot is also displayed.

5. Results and discussion

Full pattern analysis was done via the Rietveld method with
the WINPLOTR software package. 3° Six structural models were
used to describe the data adequately: (3-sialon, y-sialon, o-
corundum (sample holder), Pt (internal temperature standard)
and tetragonal/monoclinic ZrO, (high temperature glue). Dur-
ing the entire heat treatment with a peak temperature of 1220 °C
for 90 min, no indications for a phase-transformation or decom-
position of the gamma-sialon were found, thus demonstrating
a considerable metastability of this hard high pressure-derived
material. Further investigation on the possible oxidation of the
sialon surface is under way.

The lattice parameters of the (3-sialon, the internal temper-
ature standard (Pt) and the v-sialon, respectively, that have
been obtained from Rietveld-refinement, have been combined
in Tables 1 and 2 along with the calculated standard deviations
(in parentheses; they also represent the error bars in Fig. 3).
For better comparison the values of the lattice parameters of 3-
sialon have been normalised to their value at room temperature
(see Fig. 5). For the beta-sialon measurements the sample was
prepared and aligned so good, that the collected patterns did not
show the reflections of the corundum capillary at all. Thus, all
reflections can clearly be attributed to the phases used in the
structural models (furthermore the reflection positions of the
hexagonal beta-sialon are not overlapping with the temperature
standard Pt).

Table 1
Lattice parameters of (3-sialon and Pt obtained from Rietveld-refinement
Temperature (°C) a@) (&) c(B) (A) a(Pr) (A)
28 7.667 (8) 2.963 (4) 3.924 (7)
220 7.672 (7) 2.965 (3) 3.931 (8)
275 7.673 (7) 2.966 (3) 3.934 (7)
350 7.676 (8) 2.967 (3) 3.937 (8)
430 7.678 (8) 2.968 (3) 3.941 (8)
500 7.682 (9) 2.970 (4) 3.946 (10)
575 7.686 (9) 2971 (4) 3.951 (10)
635 7.689 (11) 2.973 (5) 3.956 (12)
700 7.692 (12) 2.974 (5) 3.962 (13)

The estimated standard deviations (in parentheses) are calculated according to.
33

Table 2
Lattice parameters of y-sialon and Pt obtained from Rietveld-refinement
Temperature (°C) a(y) (A) a(Pt) ()
28 7.836 (2) 3.926 (2)
430 7.856 (2) 3.940 (2)
540 7.866 (2) 3.945 (2)
715 7.876 (2) 3.953 (2)
825 7.879 (2) 3.958 (2)
995 7.894 (2) 3.966 (2)
1015 7.893 (2) 3.967 (3)
1120 7.900 (2) 3.972 (2)
1180 7.903 (2) 3.975 (3)
1220 7.904 (3) 3.977 (4)

As the gamma-sialon sample was considerably smaller, it was
not possible to prepare and mount the sample as good as the beta-
sialon (i.e. without measuring the corundum capillary). Never-
theless all of the reflections could be explicitly related to their
originating phases, although some of them are strongly overlap-
ping in the diffractogram at room temperature. Because of peak
shifts due to different thermal expansion, some overlapping
reflections separated at elevated temperatures. Furthermore, the
gamma-sialon and the Pt phases both show non-overlapping
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Fig. 5. Normalized (to the value for room temperature) lattice parameters a
and c of B-sialon, respectively. The solid squares represent data of the lattice
parameter a () and the solid circles those of lattice parameter ¢ (@®). Fitted
curves of both data sets are also displayed as guide to the eye.
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reflections at room temperature ((1 1 1) and (22 0) for gamma-
sialon and (111) for Pt). The resulting reflection positions
were therefore sufficient for the determination of the lattice
constants.

Temperatures have been approximated numerically by the
usage of the Pt unit cell parameter with the help of Eq. (1) ac-
cording to 29 (with the coefficients aj—a4 stated there):

N
a(T) = ZaUT(”_l) a1+ T +a:T?>+aaT>+--- (1)
v=1
The obtained data (i.e. lattice constants as function of the tem-
perature) can be fitted to a polynomial function in a similar form
to the one for Pt as stated above

ag(T) (A) = 7.665 +2.854 x 107T% 4 4.400 x 10773

2
ep(T) (A) = 2.962 4 1.417 x 10787% — 1.178 x 1071273
3
ay(T)(A) = 7.821 +4.0 x 107°T
—952 —51
+8307 x 107972 = 5.0 x 107 4)

However, the obtained data for y-sialon did not comply to a third
order polynomial fit, hence another fitting routine of the data was
chosen. It was described before by Paszkowicz et al. 2’ and was
used for the high temperature branch of their measurements. It
is a second order polynomial function with an additional (1/T)
term (see Eq. (4)). With the established Eqgs. (2)—(4) (i.e. lattice
parameters versus temperature), the linear thermal expansion
coefficient was calculated according to its definition®:
oT) = 1 ¥D 5)
f(Tr) or

For B3-sialon it is displayed temperature-dependant in Fig. 6
in both possible crystallographic directions (for the investigated
temperature region). A slight anisotropy of thermal expansion
coefficients in those directions can clearly be seen in Fig. 6. For
better comparison both figures were scaled equally. The values
of the linear thermal expansion are (2.25-7.4)x 107K~ for
the a-parameter and (2.7-8.15)x 10~¢ K~! for the c-parameter
in the observed temperature region. These values are in good
agreement with those reported in literature, which are (2-
4)x 1079 K~! depending on the degree of substitution z and the
temperature. 3

Fig. 7 displays the different atomic distances (versus temper-
ature) as obtained from the refinements of the structure along
with their calculated standard deviations (represented by the er-
ror bars). Fig. 7(a) shows the (Si,Al)-(O,N) distances: the up-
per curve (black squares) represents the distances for octahedral
coordinated anions [16d site] whereas the lower curve (closed
black circles) represents the distances for tetrahedral coordi-
nated anions [8a site]. Fig. 7(b) displays the atomic distances for

& In which f(T) represents one of Egs. (2)—(4).
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Fig. 6. Linear thermal expansion coefficient for 3-sialon (a) in a-direction and
(b) c-direction, respectively, vs. temperature.

(Si,Al)—(Si,Al) (upper curve; black squares) and (O,N)—(O,N)
(lower curve; closed black circles).” The only clear trend (strictly
monotonic increasing) can be made out for distances of octahe-
dral coordinated (Si,Al)-(O,N) [16d site], which is not surprising
as it is directly correlated to the expanding structure, due to the
rising temperature.

The resulting function for y-sialon is displayed in Fig. 8. As
there are no measurements available for y-sialon, the values will
be compared to y-Si3N4 as one end member in the solid solution
series. The available literature clearly reveals a pronounced de-
pendency of the value of alpha from the used fitted polynomial
function «(T).

Jiang et al.'” report (4-6.5)x107°K~! in the tempera-
ture range 26.85-726.85°C, whereas Hintzen et al.>? report
(3-8)x107°K~! for the same temperature region and (4—
6.5)x 1070 K~ for y-Si3Ny4. Usage of Eq. (4) gives the values
(5.7-8.2)x 10~ K~! for the y-sialon (x = 1.1) in the observed
temperature region (26.85-1226.85 °C) which seems reasonable

" The curves (dotted lines) are just depicted as guide to the eye. They do not
represent the ‘real’ physical behaviour. Unfortunately, the obtained data is not
sufficiently accurate to make reliable statements about the further progression
of the atomic distances.
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coordinated anions [8a site]. (b) Black squares depict (Si,Al)—(Si,Al) distances,
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Fig. 8. Linear thermal expansion coefficient for y-sialon vs. temperature (solid
line) along with the data for y-Si3Ny obtained by Jiang et al.!7 (dashed line)
and Hintzen et al.? (dotted line). The other data were extrapolated to higher
temperatures than 726.85 °C for better comparison.

compared to the parent phase. As the cubic SizNy is more cova-
lent than v-sialon it can be expected that the thermal expansion
coefficients of the latter should be a little bit larger, which is the
case.
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